An ion microprobe was used to perform in-situ measurements of the sulfur isotopic compositions of sulfide miner als in seven samples of hydrothermally altered rocks from DSDP/ODP Hole 504B. The sulfides exhibit a wide range in 5 S values, from -4.1%o to + 8. S are attributed to (1) incorporation of variable amounts of seawater-derived sulfide, (2) kinetic effects during precipita tion, (3) reservoir effects during precipitation, (4) and variations in pH and f 0 .
INTRODUCTION
Our knowledge of the behavior of sulfur in submarine hy drothermal systems is based largely on experimental data and on measurements of hydrothermal vent fluids and associated sulfide deposits. The isotopic compositions of sulfide in vent fluids and sulfide deposits are interpreted to indicate that the sulfur is a combination of reduced seawater sulfate and sulfide remobilized from basalts (Arnold and Sheppard, 1981; Styrt et al., 1981; Kerridge et al., 1983; Shanks and Seyfried, 1987; Bluth and Ohmoto, 1988; Woodruff and Shanks, 1988) .
In contrast to the abundant data on vent fluids and seafloor sulfide deposits, little is known about the geochemistry of sul fur in hydrothermally altered rocks from beneath the seafloor. In order to aid in understanding the behavior of sulfur during seawater interaction with the crust, in-situ isotopic analyses of sulfur from individual sulfide mineral grains in hydrothermally altered rocks from Deep Sea Drilling Project/Ocean Drilling Program (DSDP/ODP) Hole 504B were performed by ion mi croprobe. In contrast to conventional bulk-rock analyses that average the isotopic compositions of sulfide grains in a sample and that can be biased by the presence of sulfates (Arnold and Sheppard, 1981) , analysis of individual grains as small as 50 /mi in diameter enables an assessment of isotopic variations on a much finer scale.
Sulfur in Submarine Hydrothermal Systems
The simplest and probably most realistic model for sulfur in submarine hydrothermal systems is a version of that proposed by Shanks et al. (1981) . In this model seawater sulfate is precipi tated as anhydrite when seawater penetrates the crust and is heated to temperatures of 150°-200°C. Because the concentra tion of calcium is only one-third that of sulfate in seawater, not all of the sulfate is precipitated. Although basalts can contrib ute additional calcium to solution, thereby decreasing the tem-perature of anhydrite deposition and increasing the amount of sulfate extracted from seawater, some sulfate probably remains in seawater when it reaches higher temperatures. At tempera tures of 250°C or more, inorganic sulfate reduction becomes important (Shanks et al., 1981; Ohmoto and Lasaga, 1982) , and sulfate is reduced through oxidation of ferrous iron in the crust or through conversion of igneous pyrrhotite to secondary pyrite (Mottl et al., 1979; Shanks and Seyfried, 1987) . At the observed water/rock ratios and temperatures (around 1 and 350°C, re spectively; VonDamm et al., 1985) and at the decreased sulfate concentrations, sulfate reduction should be rapid and quantita tive. Thus, no net isotopic fractionation occurs and the seawa ter-derived sulfide has a <5 34 S value equal to that of seawater sul fate ( + 21% 0 ; Rees et al., 1978) . This 34 S-rich sulfide is com bined in hydrothermal solutions with variable proportions of igneous sulfur leached from basalts ( + 0.1%o; Sakai et al., 1984) to produce the observed 5 34 S values of sulfide in hydrothermal vent fluids and sulfide deposits (+ 0.9%o to -I-7.4%o; Arnold and Sheppard, 1981; Styrt et al., 1981; Kerridge et al., 1983; Shanks and Seyfried, 1987; Bluth and Ohmoto, 1988; Woodruff and Shanks, 1988) .
The preceding model can be complicated in various ways. For example, fractionation of sulfur isotopes during precipita tion of anhydrite could conceivably affect the isotopic composi tion of residual sulfate and any sulfide derived from it. How ever, the 5 34 S values of anhydrites from veins in hydrothermally altered rocks from Hole 504B are very close to that of seawater (six samples average + 21.4% 0 ± 0.3%o; Alt et al., 1985, this vol ume) , suggesting only a very small fractionation. Assuming a fractionation of 0.5%o during precipitation of anhydrite, Ray leigh fractionation associated with precipitation of 90% of sea water sulfate would lower the 5 34 S of residual sulfate in solution by only 2.3%o. Thus, isotopic fractionation during precipitation of anhydrite does not significantly affect the sulfur isotopic composition of residual sulfate in solution.
In another scenario, rapid heating of seawater to 250°C and reduction of sulfate prior to anhydrite precipitation would allow a significantly greater contribution of seawater sulfur to hydro thermal fluids. Isotopic fractionation during sulfate reduction would leave residual sulfate enriched in 34 S, and any anhydrite subsequently precipitated would have high <5 34 S values. However, the close similarity of the S 34 S values of anhydrite from Hole 504B to that of seawater sulfate indicates that sulfate reduction prior to anhydrite precipitation was negligible.
Another important consideration is whether sulfate reduc tion is sufficiently rapid to be considered a batch process. At a temperature of 300°C, the equilibrium sulfur isotopic fractionation between sulfide and sulfate in solution is 21.9%o (Ohmoto and Rye, 1979) . The sulfide initially produced by reduction of seawater sulfate would have a 5 34 S around 0%o, essentially indis tinguishable from basaltic sulfur ( + 0.1%o). Depending upon the temperature at which sulfate reduction occurs and the pro portion of sulfate reduced, the seawater-derived sulfide compo nent could have a 5 34 S value anywhere from near 0%o to + 21%o. Thus, sulfide in the vent fluids and sulfide deposits could con ceivably be explained by a seawater sulfur source only, with no contribution from basaltic sulfide. The seafloor vent fluids con tain H 2 S but no sulfate (VonDamm et al., 1985; Bowers et al., 1988) Measurement of the sulfur isotopic compositions of individ ual sulfide grains with the ion probe can provide new informa tion on heterogeneities in the rocks, with the potential for in sight into the geochemistry of sulfur in submarine hydrothermal systems. If seawater-derived sulfide is homogeneously combined with basaltic sulfur and incorporated into the rock, relatively uniform isotopic values for sulfide grains within a given sample might be expected. Alternatively, seawater-derived sulfide may not be combined with basaltic sulfide: this could produce a bi modal isotopic population of sulfides with both basaltic and seawater compositions. If sulfate reduction is progressive, rather than a batch process, a spectrum of sulfide 5 34 S values ranging from basaltic up to seawater or even higher values might be ex pected. These variations would not be detectable in bulk-rock analyses. Large sulfide crystals in veins may record fluctuations in isotopic composition of sulfide in solution during their growth. Variations within individual grains and among grains in a single sample could also indicate variations in temperature, pH, or fugacities of oxygen and sulfur (Ohmoto and Rye, 1979) .
METHODS
Sulfur isotopic compositions of sulfide grains, ranging in size from 50 /xm up to 1 cm in diameter, from seven samples of hydrothermally al tered rocks from Hole 504B were determined ( Fig. 1 ) using a modified CAMECA IMS 3F ion microprobe (Deloule et al., 1986) at the Centre de Recherches Petrographiques et Geochimiques in Vandoeuvre, France. Rock chips were mounted in epoxy, polished, and coated with gold. A negative primary oxygen beam, 10 fim in diameter, was rastered over the sample with an analyzed area of 60 /*m in diameter. A secondary posi tive beam was used without energy filtering. The instrumental mass fractionation (the difference between <5 34 S obtained with the ion probe and the true value) was calibrated at -69%o for both pyrite and chalcopyrite on standards of these minerals with 5 34 S values ranging from -25% 0 to + 20%o relative to Canyon Diablo Troilite (CDT; Chaussidon et al., 1987) . Under normal conditions, reproducibility of standards is generally better than ± l%o and within-run statistics are about ±0.7%o. During the several days devoted to the present study, however, reproduc ibility of standards was somewhat poorer (±2.6%o), mainly owing to in stability of the primary gun.
Electron microprobe analyses of the same pyrite grains analyzed by ion microprobe were also performed in order to examine chemical heter ogeneity. Using a JEOL 733 instrument, operating conditions were the following: 20 kV accelerating voltage, 30 nA sample current, 10-30-s counting times, and a 1-^m spot size. Analytical uncertainties are ±0.01% for nickel and ±0.02% for cobalt.
RESULTS
Ion microprobe results are given in Table 1 , along with sulfur isotopic values for pyrite and monosulfide (chalcopyrite) sulfur S in %n CDT; average bulk-rock curve based on 64 bulk-rock analyses from Alt et al. (1987, unpubl. data) . Schematic lithostratigraphy and distribution of alteration zones with sub-basement depth in Hole 504B are from Alt et al. (1986) .
extracted from bulk rocks (Alt et al., this volume, 1987) . Within analytical uncertainty (±2.6%o), two samples (504B-94-1, 132-135 cm, and 111-504B-155R-1, 33-36 cm) contain isotopically homogeneous pyrite. The isotopic compositions of individual grains are indistinguishable from the bulk pyrite sulfur. Chalco pyrite in these two samples is also isotopically homogeneous and similar to whole-rock chalcopyrite sulfur. In Sample 504B-94-1, 132-135 cm, chalcopyrite has higher 5 34 S values than co existing pyrite, whereas in another sample (504B-122-1, 88-95 cm) the chalcopyrite values tend to be less than that of pyrite (Fig. 1) . Pyrite and chalcopyrite in Sample 504B-94-1, 132-135 cm, are not in isotopic equilibrium because pyrite is always en riched in 34 S relative to chalcopyrite at equilibrium (Ohmoto and Rye, 1979) . Disequilibrium is a common feature in seafloor sulfide deposits and in volcanogenic massive sulfide deposits in general (Franklin et al., 1981; Kerridge et al., 1983; Shanks and Seyfried, 1987; Woodruff and Shanks, 1988; Bluth and Ohmoto, 1988) .
Significant isotopic variations occur among different pyrite grains within individual samples (504B-80-1, 34-38 cm, and 111-504B-147R-2, 6-10 cm). Bulk-pyrite sulfur from these sam ples has <5 34 S values that fall approximately in the middle of the range of values for individual grains (Fig. 1) S of such repeat analyses of small grains may be due to heterogeneities in the grains, but the variations are within the analytical uncertainty (Table 1 ). In one sample (504B-80-4, 21-24 cm) a traverse across a centimeter-size pyrite grain was made, with analyses spaced 200 /xm apart (Fig. 2) . Significant isotopic variations occur within the grain. Standards were reproducible within ± l%o on the day this transect was performed, so the smaller variations (2%o) are significant. This transect illustrates Alt et al., 1987) , whereas the 5 34 S variations found within the grain from Sample 504B-80-4, 21-24 cm, cover the entire range of values found in all the samples from this study (Fig. 1) .
Significant variations in Ni and Co contents are observed among different pyrite grains in a single sample, as well as within individual pyrite grains, as shown by the transect in Sam ple 504B-80-4, 21-24 cm (Table 1 ). In some cases chemical vari ations correlate with differences in isotopic composition (e.g., 504B-80-1, 34-38 cm, and 111-504B-147R-2, 6-10 cm), but gen erally no direct correlation can be made. The variation in Ni and Co contents shows that the grains are chemically heteroge neous, probably as a result of a complex growth history. Alt et al. (1986) constructed a hydrothermal history for the lithologic transition and dikes at Site 504 based on mineralogy and stable isotopic evidence. Hydrothermal alteration occurred in four different stages as the crust was generated at the spread ing axis and moved away from the axis with time ( Fig. 3 Figure 3 . Diagram illustrating major alteration features and hydrothermal history at Site 504 (modi fied from Alt et al., 1986) . As a parcel of crust moves away from the spreading axis, it passes through the various parts of a circulation cell and experiences the different alteration processes (see text). Similarly, a parcel of seawater evolves as it passes through different parts of the crust and re acts with the rock under various conditions.
DISCUSSION
1. Stage 1 axial greenschist hydrothermal alteration of the crust by seawater at temperatures of 250°-350°C and water/ rock ratios around 1.
2. Stage 2 axial upwelling of highly reacted 250°-350°C hy drothermal fluids (metal enriched, Mg depleted) through the dikes, mixing of these fluids with cold seawater circulating in the overlying pillow section, and deposition of quartz + epidote + sulfide veins within the lithologic transition zone.
3. Stage 3 seawater recharge in the downwelling limb of a convection cell and formation of anhydrite in fractures.
4. Stage 4 off-axis alteration and formation of calcic zeolites at temperatures of 100°-250°C.
The sulfur isotopic compositions of sulfide minerals in Table  1 range mostly from that of fresh mid-ocean ridge basalt glass (5 34 S = +0.1% 0 ± 0.5% 0 ; Sakai et al., 1984) to higher <5 34 S val ues, up to + 8.3%o. These values are similar to those for sulfide in hydrothermal fluids and sulfide deposits sampled from the seafloor (S 34 S = +0.9% 0 to +7.4% 0 ; Arnold and Sheppard, 1981; Styrt et al., 1981; Kerridge et al., 1983; Shanks and Seyfried, 1987; Bluth and Ohmoto, 1988; Woodruff and Shanks, 1988) . As discussed in the introduction, the absence of any sul fide minerals in Hole 504B with 5 34 S values significantly greater than those of the vent fluids is consistent with sulfate reduction being a "batch" process, that is, any sulfate reaching suffi ciently high-temperature (>250°C) parts of the system is quan titatively reduced. The fact that <5 34 S values of anhydrite in hydrothermally altered rocks from Hole 504B do not significantly differ from seawater sulfate is also consistent with this model and with anhydrite precipitation prior to sulfate reduction. Thus, the 5 34 S values of sulfide minerals from Hole 504B are best in terpreted to reflect hydrothermal sulfide that is a mixture of ba saltic sulfide and reduced seawater sulfur. At the inferred tem peratures and water/rock ratios (250°-350°C and around 1, re spectively) essentially all sulfur in solution should be in the form of sulfide. This is consistent with the inferred stable sul fide mineral assemblage in the rocks (pyrite + chalcopyrite + pyrrhotite + magnetite; Alt et al., this volume) . Assuming quantitative reduction of seawater sulfate, the heaviest 5 34 S val ues indicate the presence of a maximum of about 40% seawaterderived sulfur.
Although it is not possible to prove what processes are re sponsible for the observed isotopic heterogeneities, some likely explanations are offered here. Spatial and temporal variations in the proportions of seawater-and basalt-derived sulfur proba bly account for much of the variation in 5 34 S values. This is con sistent with the multiple stages of alteration and possible multi ple stages of sulfide mineral formation. Because the variation in isotopic fractionation between sulfide minerals and sulfide in solution is small over this temperature range (1.5%o to 1.0%o from 250° to 350°C for pyrite; Ohmoto and Rye, 1979) , tem perature variations are probably not significant.
Samples 504B-80-1, 34-38 cm, and 504B-80-4, 21-24 cm, are from a stockworklike sulfide mineralization that formed near the top of the lithologic transition zone during mixing of up welling hydrothermal fluids with cooler seawater in the overly ing pillow section (Fig. 3) . At temperatures greater than 250°C, pH and f 0 are strongly buffered by hydrothermal solutions during mixing with seawater (Janecky and Seyfried, 1984) . Nev ertheless, slight variations in these parameters close to the pyrite + pyrrhotite -I-magnetite equilibrium could produce small var iations in <5 34 S of sulfide minerals (a few per mil; Ohmoto, 1972) . The general decrease in <5 34 S values from the transition zone to the dikes (Fig. 1) is probably due to sulfate reduction and incorporation of additional seawater-derived sulfide during subsurface mixing in the transition zone. Seawater sulfate, ei ther in solution or in previously precipitated sulfate minerals, was probably reduced by oxidation of ferrous iron in host ba salts or in hydrothermal solutions during mixing. This would in crease the seawater sulfide component and cause higher <5 34 S val ues of sulfides. The rocks of the transition zone are slightly oxi dized, and several red quartz + hematite veins occur in the core immediately beneath the stockworklike mineralization (Alt et al., 1986) , supporting this hypothesis. In-situ reduction of sea water sulfate in the walls of sulfide chimneys and in the shallow subsurface around seafloor vents has been proposed as the cause of high and variable 5 34 S values for sulfide in hydrothermal vent fluids (+ 1.3%o to +7.4% 0 ; Janecky and Seyfried, 1984; Shanks and Seyfried, 1987; Woodruff and Shanks, 1988) .
The negative 5 34 S values of sulfide minerals in Table 1 can be accounted for by different processes. Because of the slight posi tive fractionation of 34 S between pyrite and sulfide in solution (1.2%o at 300°C; Ohmoto and Rye, 1979) , continued precipita tion of pyrite in a closed system would deplete the solution in 34 S and ultimately result in the formation of isotopically light pyrite from residual sulfide in solution. This cannot be the only mechanism, however, because the <5 34 S values measured in the pyrite crystal in Sample 504B-80-4, 21-24 cm, do not systemati cally decrease from the center outward. Alternatively, the large positive fractionation of 34 S between sulfate and sulfide in solu tion (21.9%o at 300°C; Ohmoto and Rye, 1979) could produce isotopically light pyrite if sulfide in solution is oxidized during mixing of hydrothermal fluids with seawater. Such a process could have occurred in the transition zone but is unlikely deeper in the section. Another possibility is that low <5 34 S values result from kinetic fractionation during precipitation of sulfide miner als from hydrothermal solutions. This effect could also be re sponsible for isotopic disequilibrium between pyrite and chalcopyrite in samples from Hole 504B (Table 1 ; Alt et al., 1987, unpubl. data) .
CONCLUSIONS
In-situ ion microprobe analyses of sulfide minerals in hydrothermally altered rocks from Hole 504B reveal significant variations in 5 34 S, ranging from -4. l%o to + 8.3%o. A single py rite crystal shows as much variation as the entire data set, re cording a complex history that could be overlooked in conven tional bulk analyses. Variations in 5 34 S are attributed to (1) in corporation of variable amounts of seawater-derived sulfide, (2) kinetic effects during precipitation, (3) reservoir effects during precipitation, and (4) variations in pH and f 0 .
The ion probe results, combined with previously published data for anhydrite from Hole 504B, are consistent with a multi stage model for sulfur in submarine hydrothermal systems:
1. Anhydrite precipitates from seawater as it penetrates the crust and is heated.
2. Sulfate remaining in solution is reduced to sulfide and combined with sulfide leached from basalts as higher tempera tures (>250°C) are reached.
3. Where upwelling hydrothermal fluids mix with seawater in the subsurface, additional seawater sulfate is reduced, caus ing higher 5 34 S values of sulfide in the mixing zone.
